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Cyclin B mRNA stored in immature zebrafish oocytes is translationally activated upon the stimulation of 17a,20b-
ihydroxy-4-pregnen-3-one (17a,20b-DP), an event prerequisite for initiating oocyte maturation in this species. We
nvestigated localization of cyclin B mRNA in zebrafish oocytes. Cyclin B mRNA was found to be exclusively localized as
n aggregation along the cytoplasm at the animal pole of full-grown immature oocytes. When oocytes were treated with
7a,20b-DP, a meshwork of microfilaments in the oocyte cortex disappeared and the aggregation of cyclin B mRNA
ispersed just prior to the initiation of cyclin B synthesis and germinal vesicle breakdown (GVBD). Cytochalasin B, but not
ocodazole or taxol, deformed the aggregation of cyclin B mRNA, indicating the involvement of microfilaments in
rganizing this form. Like 17a,20b-DP, cytochalasin B (10 mg/ml) induced both complete dispersion of the aggregation and
translational activation of cyclin B mRNA, forcing the oocytes to undergo GVBD without 17a,20b-DP. Conversely,
isturbance of the aggregation of cyclin B mRNA with a low concentration (1 mg/ml) of cytochalasin B inhibited
17a,20b-DP-induced GVBD. These results suggest that the direct change in cyclin B mRNA from the aggregated form
o the dispersed form is responsible for translational activation of the mRNA during zebrafish oocyte
aturation. © 2001 Academic Press
Key Words: Cdc2; cyclin B; cytochalasin B; meiosis reinitiation; microfilaments; MPF; mRNA; oocyte maturation;
translational control; zebrafish.t
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YINTRODUCTION
Among oocytes of various stages present in the ovary
(from previtellogenic oocytes to postvitellogenic full-grown
oocytes), only the full-grown oocytes can respond to the
maturation-inducing hormone (MIH) secreted from follicle
cells and acquire fertilizability after undergoing oocyte
maturation. The final trigger of oocyte maturation is the
maturation-promoting factor (MPF) that is activated in the
oocyte cytoplasm in response to MIH received on the
oocyte surface (Masui and Clarke, 1979). The activity of
MPF promotes all of the changes accompanying oocyte
maturation such as germinal vesicle breakdown (GVBD),
chromosome condensation, and spindle formation. MPF
consists of two components, the serine/threonine protein
kinase Cdc2 (the catalytic subunit) and the regulatory
subunit cyclin B. The association of Cdc2 with cyclin B and
1 To whom correspondence should be addressed. Fax: 181-11-
i706-4456. E-mail: myama@sci.hokudai.ac.jp.
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All rights of reproduction in any form reserved.he subsequent phosphorylation on the threonine 161 resi-
ue of Cdc2 (T161) by cyclin-dependent kinase-activating
inase (CAK) are necessary to turn on its kinase activity
Harper and Elledge, 1998), but additional phosphorylation
n threonine 14 and tyrosine 15 (T14/Y15) by Myt1 main-
ains T161-phosphorylated Cdc2 in an inactive state (Fat-
aey and Booher, 1997; Wells et al., 1999).
To date, the molecular mechanisms of MPF formation
nd activation during oocyte maturation have been inves-
igated in detail for several species (Taieb et al., 1997;
ishimoto, 1998; Yamashita, 1998; Palmer and Nebreda,
000), and it has becomes apparent that the mechanisms
iffer from species to species, despite the molecular struc-
ure of MPF being common to all eukaryotes (Yamashita et
l., 2000). For example, inactive cyclin B-bound Cdc2 phos-
horylated on both T161 and T14/Y15 (called pre-MPF) is
lready present in immature Xenopus oocytes, and its
ctivation by Cdc25-catalyzed dephosphorylation of T14/
15 upon the stimulation of progesterone (MIH in amphib-ans) is required for initiating oocyte maturation only in
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422 Kondo, Kotani, and Yamashitathis species (Minshull et al., 1989; Gautier and Maller,
991; Kobayashi et al., 1991; Izumi and Maller, 1995),
lthough whether cyclin B synthesis after progesterone
timulation is unnecessary for initiating Xenopus oocyte
aturation is still a point of controversy (Ferby et al., 1999;
rank-Vaillant et al., 1999; Yamashita, 2000). In contrast,
mmature oocytes of fish and amphibians other than Xeno-
us contain only monomeric Cdc2 (pre-MPF being absent),
nd cyclin B is synthesized through translational activation
f cyclin B mRNA stored in immature oocytes in response
o MIH (Tanaka and Yamashita, 1995; Katsu et al., 1999).
hen the preexisting monomeric Cdc2 forms a complex
ith the newly formed cyclin B, the cyclin B-bound Cdc2 is
mmediately phosphorylated on T161 by CAK and simul-
aneously activated without phosphorylation and the sub-
equent dephosphorylation of T14/Y15 (Yamashita et al.,
995; Ihara et al., 1998). In these species, therefore, the de
ovo synthesis of cyclin B during oocyte maturation plays a
ritical role in induction of oocyte maturation.
Similar to many maternal mRNAs synthesized during
ocyte growth, cyclin B mRNA exists as a dormant form
masked mRNA) in immature oocytes. Recently, the
echanism for translational activation (unmasking) of dor-
ant mRNAs stored in immature oocytes has been par-
ially revealed. Translational activation of dormant mR-
As is often associated with an elongation of the poly(A)
ail by cytoplasmic polyadenylation, which requires two cis
equences in the 39 untranslated region (UTR), the highly
onserved hexanucleotide AAUAAA and the cytoplasmic
olyadenylation element (CPE) (Fox et al., 1992; Sheets et
l., 1994; Ballantyne et al., 1997; de Moor and Richter,
997). A CPE-binding protein (CPEB) is an essential factor
or polyadenylation of the CPE-containing mRNAs (Hake
nd Richter, 1994). In addition to its function as an unmask-
ng factor, CPEB is thought to act as a masking element for
ormant mRNAs stored in immature oocytes, because
njection of large amounts of CPE into oocytes can initiate
ranslation of the dormant CPE-containing mRNAs, inclu-
ive of cyclin B mRNA, probably due to the titration of the
asking protein CPEB (Stutz et al., 1998; de Moor and
ichter, 1999). In addition to mRNA-specific masking pro-
eins, including CPEB, the dormancy of cyclin B mRNA
tored in immature oocytes is probably achieved by the
inding of ubiquitous masked proteins such as Y-box pro-
eins (Bouvet and Wolffe, 1994; Matsumoto et al., 1996;
atsu et al., 1997; Meric et al., 1997). MIH must liberate
yclin B mRNA from the masked elements, making it
vailable to the translational machinery. However, very
ittle is known about the molecular mechanism by which
asked cyclin B mRNA is translationally activated upon
IH stimulation, as well as about the biochemical pathway
hat links MIH stimulation to the unmasking of the
RNA.
In invertebrates, it is well known that localization of
RNAs to specific regions of full-grown oocytes plays an
mportant role in establishing body patterns during embryo-
enesis by targeting the product proteins to restricted places
Copyright © 2001 by Academic Press. All righthere they must function (Curtis et al., 1995; St. Johnston,
995; Nishida et al., 1999; Sasakura et al., 2000). Several
RNAs have also been reported to exhibit specific local-
zation in fish and amphibian oocytes. In zebrafish, mRNA
ocalization during oogenesis is classified into four patterns,
he ubiquitous class, the animal pole class, the vegetal pole
lass, and the cortex class (Howley and Ho, 2000), but their
iological significance remains to be investigated. In Xeno-
us oocytes, the significance of localized mRNAs in oo-
ytes has been discussed in relation to events that occur
uring embryonic development, such as establishment of
mbryonic axes and formation of germ cells (King et al.,
999), but not to events that occur before fertilization. In
act, we have little information on intracellular distribution
f mRNAs that encode proteins responsible for initiating
nd promoting oocyte maturation as well as on the biologi-
al significance of localizations of mRNAs, especially for
heir translational inactivation (masking) in immature oo-
ytes and activation (unmasking) upon MIH stimulation in
aturing oocytes.
Using zebrafish as an experimental system, we previously
nvestigated why growing oocytes, unlike full-grown oo-
ytes, fail to mature upon the stimulation of 17a,20b-
ihydroxy-4-pregnen-3-one (17a,20b-DP) (MIH in fish;
agahama et al., 1995), and we found that the unrespon-
iveness is due to a deficiency in the process leading to
yclin B synthesis, which includes unmasking of the stored
yclin B mRNA (Kondo et al., 1997). However, we are still
ar from understanding how cyclin B mRNAs stored in
mmature oocytes are translationally activated under the
nfluence of 17a,20b-DP. To gain an insight into the mecha-
nism of translational activation of cyclin B mRNA upon
17a,20b-DP stimulation, we investigated the localization of
yclin B mRNA in zebrafish oocytes and the relationship
etween the localization and the translational activation of
he mRNA. We report that cyclin B mRNA localizes as a
icrofilament-dependent aggregation along the cytoplasm
t the animal pole of full-grown immature oocytes and that
he aggregation disperses just prior to the initiation of
yclin B synthesis and GVBD in 17a,20b-DP-treated matur-
ing oocytes. We also suggest that the changes in cyclin B
mRNA from the aggregated form to the dispersed form are
responsible for translational activation of the mRNA during
zebrafish oocyte maturation, on the basis of the findings
that complete dispersion of the aggregation by a high
concentration of cytochalasin B induces GVBD without
17a,20b-DP and that disruption of the aggregation into
ieces by a low concentration of cytochalasin B inhibits
7a,20b-DP-induced GVBD.
MATERIALS AND METHODS
Zebrafish Oocytes and Treatment with
Cytoskeleton Inhibitors
Zebrafish (Danio rerio) were maintained at 28.5°C in our labo-
ratory. Oocytes were manually isolated from the ovary as described
previously (Kondo et al., 1997) and were classified into five stages
s of reproduction in any form reserved.
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423Cyclin B mRNA in Zebrafish Oocytesaccording to Selman et al. (1993). Oocyte maturation was induced
n vitro by incubating full-grown (stage IV) oocytes in zebrafish
inger’s solution (116 mM NaCl, 2.9 mM KCl, 1.8 mM CaCl2, 5
mM Hepes, pH 7.2) containing 1 mg/ml 17a,20b-DP. Maturational
rocesses were assessed by treating oocytes with a clearing solution
5% formalin and 4% acetic acid in Ringer’s solution), which
acilitates the microscopic examination of the occurrence of
VBD.
To disrupt cytoskeletons, oocytes were treated for 3 h with the
ollowing inhibitors: 2 or 20 mg/ml nocodazole (Aldrich) to depo-
ymerize microtubules, 1 or 10 mg/ml cytochalasin B (Sigma) to
epolymerize microfilaments, and 1 or 10 mg/ml taxol (Sigma) to
stabilize microtubules. Nocodazole was directly dissolved in Ring-
er’s solution immediately before use, while cytochalasin B and
taxol were dissolved in dimethyl sulfoxide (DMSO) at the concen-
tration of 10 mg/ml as stocks and diluted in Ringer’s solution
before use. The final concentration of the vehicle (0.1% DMSO)
had no effects on oocytes.
In Situ Hybridization and Northern Blotting
For in situ hybridization analysis, oocytes were fixed in Bouin’s
solution overnight at 4°C, dehydrated in ethanol, and embedded in
paraffin. Sections (5 mm) were cut on a microtome and placed onto
elatinized slides. Probes were prepared as follows. The zebrafish
yclin B cDNA (Kondo et al., 1997) was digested with either BamHI
(for sense RNA) or XhoI (for antisense RNA). Sense or antisense
RNA was synthesized with T7 or T3 RNA polymerase, respec-
tively, in the presence of digoxigenin (DIG)-labeled UTP. The
hybridization, washing, and detection of the signal were performed
according to the manufacturer’s instructions (Roche Diagnostics).
No signal was obtained with sense RNA probe.
For Northern blot analysis, total RNA (5 mg) was isolated from
immature and mature oocytes, electrophoresed in 1% agarose gel
containing 6% formaldehyde, and blotted onto a nylon membrane.
Cyclin B mRNA was detected with a DIG-labeled antisense RNA
probe as prepared above. The hybridized probe was visualized with
alkaline phosphatase-conjugated anti-DIG antibody (Roche).
Fractionation of Zebrafish Oocyte Components
Oocytes were centrifuged (10,000g for 10 min) in a density
gradient made by 40% Ficoll 400 (Amersham Pharmacia Biotech) in
zebrafish Ringer’s solution, as described previously (Kondo et al.,
1997). The centrifugation stratifies the oocyte components without
breaking the cytoplasmic membrane: germinal vesicle, cytoplasm,
yolk granules, and cortical alveoli from centripetal to centrifugal
pole (cf. Fig. 3). The centrifuged oocytes were immediately fixed for
in situ hybridization.
Immunological Detection of Cyclin B and Cdc2 in
Zebrafish Oocytes
For examining cyclin B and Cdc2 proteins, oocytes were ex-
tracted and subjected to Suc1 precipitation, as described previously
(Kondo et al., 1997). Cyclin B and Cdc2 proteins were detected by
mmunoblotting with monoclonal antibodies raised against a gold-
sh cyclin B (B112; Katsu et al., 1993) and the C-terminal peptide
equence of goldfish Cdc2 (GFC3-9; Kajiura et al., 1993), both of
hich are cross-reactive to the zebrafish homologs (Kondo et al.,1997).
Copyright © 2001 by Academic Press. All rightObservation of Microfilaments in Zebrafish
Oocytes
Microfilaments in immature, mature, and cytochalasin B-treated
oocytes were observed by whole-mount confocal microscopy, ac-
cording to the method described previously (Leung et al., 2000).
Briefly, the samples were fixed with 4% paraformaldehyde in
zebrafish Ringer’s solution at room temperature for 5 h. After being
washed in phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM
KCl, 1.47 mM KH2PO4, 8.1 mM Na2HPO4, pH 7.4) and PBS
ontaining 0.5% Triton X-100, the samples were stained with
hodamine-labeled phalloidin (Molecular Probes) in PBS for 1 h.
fter a wash in PBS, they were observed under a Bio-Rad Micro-
adiance confocal microscope using water immersion objectives.
RESULTS
Localization of Zebrafish Cyclin B mRNA in
Oocytes
Our previous Northern blot analysis of zebrafish oocytes
showed that cyclin B mRNA is already present in previtel-
logenic oocytes as well as in full-grown oocytes (Kondo et
al., 1997). To examine changes in localization of cyclin B
mRNA during oogenesis, we performed in situ hybridiza-
tion analysis in this study. In previtellogenic oocytes,
cyclin B mRNA was uniformly distributed throughout the
cytoplasm. As the oocytes increased in size due to the
accumulation of yolk granules, cyclin B mRNA moved
toward the future animal pole (Fig. 1A) and definitely
localized to the animal cortex of full-grown immature
oocytes (Fig. 1B). In striking contrast to full-grown imma-
ture oocytes, cyclin B mRNA was not detectable in
17a,20b-DP-induced mature oocytes by in situ hybridiza-
ion analysis (Fig. 1C). Cyclin B mRNA was detected in
olk-free blastodisc of fertilized eggs, but its signal was very
eak compared with that in immature oocytes. Moreover,
nlike in immature oocytes, the signal was uniformly
istributed throughout the blastodisc without any aggre-
ates (Fig. 1D).
To examine whether cyclin B mRNA is in fact absent in
ature zebrafish oocytes, we isolated total RNA from
ature oocytes and analyzed it by Northern blotting. The
esults clearly showed that mature oocytes contain cyclin B
RNA equivalent to that in immature oocytes (Fig. 2). It is
herefore plausible that the failure to detect cyclin B mRNA
y in situ hybridization is not due to destruction of cyclin B
RNA during oocyte maturation but due to changes in its
istribution in the cytoplasm; cyclin B mRNA localized to
he animal cortex of immature oocytes probably disperses
hroughout the cytoplasm during oocyte maturation.
Changes in Cyclin B mRNA during Oocyte
Maturation
In order to determine the changes in the state of cyclin B
mRNA in immature and mature oocytes, we used oocytes
that were centrifuged in a density gradient of Ficoll, in
which the cytoplasm with the germinal vesicle was segre-
s of reproduction in any form reserved.
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424 Kondo, Kotani, and Yamashitagated from yolk granules and cortical alveoli and accumu-
lated at the centripetal pole. Cyclin B mRNA was found as
a distinct aggregated form in the cytoplasmic layer of
centrifuged immature oocytes (Fig. 3A), while it was found
as indistinct matter in the cytoplasmic layer of centrifuged
mature oocytes (Fig. 3B). These results indicate that cyclin
B mRNA exists as an aggregated form in immature oocytes
and that the aggregation disperses throughout the cyto-
plasm during oocyte maturation upon 17a,20b-DP stimu-
ation.
Cyclin B mRNA and Its Translational Activation
during Oocyte Maturation
The in situ hybridization experiments revealed that the
tate of cyclin B mRNA changes from the aggregated form
o the dispersed form during oocyte maturation. We then
xamined the relationship between translational initiation
f cyclin B mRNA and its existent forms (either aggregated
r dispersed form). Full-grown immature oocytes have no
yclin B proteins (Kondo et al., 1997) as in other fish and
mphibians except for Xenopus (Yamashita, 1998). Cyclin B
protein was synthesized 120 min after 17a,20b-DP treat-
ent (Fig. 4A). Percentage of GVBD increased on almost the
ame schedule as that of cyclin B protein accumulation (Fig.
A). The aggregation of cyclin B mRNA present in imma-
ure oocytes immediately dispersed just prior to the initia-
ion of cyclin B protein synthesis and of GVBD (between 70
FIG. 1. Localization of cyclin B mRNA (arrows) during zebrafish o
Cyclin B mRNA during oocyte growth. Roman numerals show the
the cytoplasm of previtellogenic oocytes but translocated during oo
showing localization of cyclin B mRNA along the cytoplasm at t
arrowhead). (C) A mature oocyte treated with 17a,20b-DP showing
(arrowhead indicates the micropyle as a marker of the animal po
distribution of cyclin B mRNA in the blastodisc (indicated by astend 90 min after 17a,20b-DP treatment) (Fig. 4B).
Copyright © 2001 by Academic Press. All rightDependence of Cyclin B mRNA Localization on
Microfilaments
To identify cytoskeletal elements involved in cyclin B
mRNA localization to the animal pole, we treated full-
grown oocytes with the following cytoskeleton inhibitors:
the microtubule depolymerizer nocodazole, the microfila-
ment depolymerizer cytochalasin B, and the microtubule
stabilizer taxol. Neither nocodazole (2 or 20 mg/ml) nor
axol (1 or 10 mg/ml) induced changes in cyclin B mRNA
localization (Table 1), indicating that microtubules are not
involved in maintaining cyclin B mRNA localization in
full-grown oocytes.
In contrast, cytochalasin B induced remarkable changes
in cyclin B mRNA distribution in full-grown oocytes,
although the changes depended on the concentration of the
drug used. When treated with 1 mg/ml cytochalasin B, the
e growth and maturation. GV, germinal vesicle. Scale, 100 mm. (A)
es of oocytes. Cyclin B mRNA is initially distributed throughout
rowth to the future animal pole. (B) A full-grown immature oocyte
nimal pole identified by the presence of micropyle (indicated by
absence of cyclin B mRNA along the cytoplasm at the animal pole
D) A fertilized egg (30 min after spawning) showing the uniform
.
FIG. 2. Presence of cyclin B mRNA in immature (I) and mature
(M) zebrafish oocytes. Total RNA (5 mg) isolated from the oocytesocyt
stag
cyte g
he a
the
le.). (was probed with DIG-labeled cyclin B antisense RNA.
s of reproduction in any form reserved.
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425Cyclin B mRNA in Zebrafish Oocytesaggregation of cyclin B mRNA was segregated to various
degrees according to oocyte batches; the aggregation was
segregated into small pieces and scattered in the cytoplasm
in one batch (Fig. 5A), but in another batch, the aggregation
was dislodged from the animal cortex and extremely de-
formed (Fig. 5B). On the other hand, when treated with 10
mg/ml cytochalasin B, the aggregation of cyclin B mRNA
was dispersed completely in all batches examined (n 5 12,
Fig. 5C).
Whole-mount confocal images of immature, mature, and
cytochalasin B-treated oocytes stained with rhodamine–
phalloidin showed the architecture of microfilaments in
these oocytes. Microfilaments were organized as a dense
meshwork in the cortical cytoplasm of immature oocytes
(Fig. 6A). However, the dense meshwork was absent in the
cortex of mature oocytes (Fig. 6B), indicating the disappear-
ance of microfilament meshwork during oocyte matura-
FIG. 3. Cyclin B mRNA in immature (A) and mature (B) oocytes
stratified by centrifugation on a Ficoll density gradient. The cen-
trifugation segregated the oocyte cytoplasm (CP), including the
germinal vesicle (GV), from the metaplasm consisting mainly of
yolk (Y). Although cyclin B mRNA was seen in the cytoplasmic
layer of both immature and mature oocytes, it exists as an
aggregated form (asterisk) in immature oocytes and as indistinct
matter (arrowheads) in mature oocytes. Scale, 100 mm.tion. A low concentration (1 mg/ml) of cytochalasin B G
Copyright © 2001 by Academic Press. All rightFIG. 4. Cyclin B mRNA, cyclin B protein, and GVBD during
17a,20b-DP-induced oocyte maturation. (A) Time course of GVBD
and cyclin B protein synthesis during oocyte maturation, indicating
that both occur almost simultaneously 120 min after 17a,20b-DP
treatment. Cyclin B proteins on the blot are indicated by asterisks. (B)
Time course of GVBD and cyclin B mRNA dispersion. Oocytes
collected at 70 and 90 min after 17a,20b-DP treatment (indicated by
hite arrows) were stratified by centrifugation in a density gradient of
icoll. Aggregation is seen in an oocyte collected at 70 min, while it
as diffused in the oocytes at 90 min just prior to the initiation of
yclin B synthesis and GVBD. Black arrows indicate cyclin B mRNA.
V, germinal vesicle. Scale, 100 mm.
s of reproduction in any form reserved.
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426 Kondo, Kotani, and Yamashitadisrupted the microfilament meshwork partially (Fig. 6C),
while a high concentration (10 mg/ml) of cytochalasin B
caused extensive damage to the microfilament meshwork,
leaving dot-like structures in the oocyte cortex (Fig. 6D).
These results confirm that the observed effects of cytocha-
lasin B on the localization of cyclin B mRNA are due to the
disruption of microfilaments.
Effects of Cytochalasin B on Oocyte Maturation
The results described above demonstrate the requirement
of microfilaments for maintaining the animal polar local-
ization of cyclin B mRNA in full-grown immature oocytes.
We also investigated the effects of cytoskeleton inhibitors
on GVBD. Neither nocodazole nor taxol induced GVBD by
itself or affected 17a,20b-DP-induced GVBD (Table 1). A
low concentration (1 mg/ml) of cytochalasin B did not
nduce GVBD (Table 1, Fig. 7A) but inhibited 17a,20b-DP-
induced GVBD, although its effect varied greatly from batch
to batch. Of 13 batches examined, 17a,20b-DP-induced
GVBD was significantly inhibited in 5 batches (38.5%) (Fig.
7A, Group A), while in the remaining 8 batches (61.5%), it
was resistant to the cytochalasin B treatment (Fig. 7A,
Group B). On the contrary, a high concentration of cytocha-
lasin B (10 mg/ml) did not inhibit 17a,20b-DP-induced
GVBD but induced GVBD without 17a,20b-DP treatment
Table 1, Fig. 7B). GVBD induced by 10 mg/ml cytochalasin
B occurred about 30 min earlier than that induced by
17a,20b-DP but occurred 60 min later than that induced by
PF directly injected into the oocytes (Kondo et al., 1997).
oreover, cytochalasin B-induced GVBD occurred without
igration of the germinal vesicle toward the animal pole
efore the breakdown (Fig. 5C), similar to the case of GVBD
nduced by direct injection of MPF (data not shown).
We found that a high concentration (10 mg/ml) of cy-
tochalasin B induces both complete dispersion of the aggre-
gation of cyclin B mRNA and GVBD (Fig. 5C), like the
treatment with 17a,20b-DP (Figs. 3 and 4). In addition, the
ndings that cytochalasin B induces GVBD faster than does
7a,20b-DP but slower than does MPF (the factor most
TABLE 1
Effects of Cytoskeleton Inhibitors on Zebrafish Oocyte Maturation
Inhibitor Concentration mRNA
Cytochalasin B 1 mg/ml
10 mg/ml
Taxol 10 mg/ml
Nocodazole 20 mg/ml
Note. Oocytes were treated with the cytoskeleton inhibitors in
inducing hormone for 3 h, and the state of cyclin B mRNA and th
a The state of cyclin B mRNA aggregation after the treatment is in
b GVBD after the treatment is indicated as uninduced (2) or indroximal to the induction of oocyte maturation) imply that
Copyright © 2001 by Academic Press. All righthis drug can bypass a part of the pathway leading to oocyte
aturation (from the reception of the 17a,20b-DP signal on
the oocyte surface to the formation and activation of MPF
due to de novo synthesis of cyclin B in the cytoplasm). The
most likely explanation for the induction of GVBD by
cytochalasin B is that this drug induces cyclin B translation
by mimicking the function of 17a,20b-DP in dispersing the
ggregation of cyclin B mRNA in immature oocytes.
To confirm that GVBD induced by 10 mg/ml cytochalasin
is accompanied by cyclin B synthesis and activation of
PF (Cdc2), we examined cyclin B and Cdc2 proteins in the
ytochalasin B-treated oocytes by immunoblotting (Fig. 8).
onsistent with our previous findings in other fishes and
mphibians except Xenopus (Yamashita, 1998), immature
ebrafish oocytes contained only an inactive 35-kDa Cdc2
and cyclin B was absent), whereas 17a,20b-DP-induced
mature oocytes contained both cyclin B and an active
34-kDa Cdc2 in addition to the inactive form. Cyclin B and
the active Cdc2 were detected in oocytes treated with 10
mg/ml cytochalasin B but not in those treated with 1 mg/ml
cytochalasin B (Fig. 8). These results indicate that cytocha-
lasin B-induced GVBD is due to the activity of MPF (Cdc2)
newly formed through cyclin B neosynthesis, as in the case
of the normal oocyte maturation induced by 17a,20b-DP.
DISCUSSION
Changes in Cyclin B mRNA and Its Translational
Activation
We observed intracellular distribution of zebrafish cyclin
B mRNA during oogenesis and oocyte maturation. Cyclin B
mRNA exhibited different localization patterns according
to oocyte stages: uniform distribution in the cytoplasm of
previtellogenic oocytes, localization to the cytoplasm at the
future animal pole of vitellogenic oocytes, restricted local-
ization along the cytoplasm at the animal pole of full-grown
oocytes, and the absence of localization (probably due to
uniform distribution throughout the cytoplasm) in mature
oocytes (Fig. 1). These results are almost consistent with
persiona
GVBDb
217a,20b-DP 117a,20b-DP
2 2
1 1
2 1
2 1
resence (117a,20b-DP) or absence (217a,20b-DP) of maturation-
uction of GVBD were examined.
ted as unchanged (2), segregated (1), or completely dispersed (11).
(1).dis
1
11
2
2
the p
e ind
dicathose reported recently by Howley and Ho (2000), except for
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Copyright © 2001 by Academic Press. All rightthe localization in mature oocytes. Howley and Ho (2000)
showed that cyclin B mRNA localizes at the animal pole of
both full-grown immature oocytes and activated eggs,
thereby concluding (without observations of mature inacti-
vated oocytes) that the animal polar localization remains
unchanged during oocyte maturation and egg activation
after fertilization. However, we showed that the aggrega-
tion of cyclin B mRNA present in the animal cortex of
immature oocytes disperses during oocyte maturation. We
also showed that cyclin B mRNA is uniformly distributed
throughout the animal polar cytoplasm (blastodisc) of acti-
vated (fertilized) eggs without aggregation, unlike in imma-
ture oocytes. Thus, it is concluded that the aggregated
cyclin B mRNA in immature oocytes disperses during
oocyte maturation and then accumulates again (without
the reconstitution of aggregates) on the animal polar side
due to formation of yolk-free blastodisc after egg activation.
The disappearance of the dense meshwork of microfila-
ments in the oocyte cortex during maturation (Figs. 6A and
6B) should be related to the dispersion of the aggregated
cyclin B mRNA.
Translational activation of cyclin B mRNA stored in
immature oocytes upon 17a,20b-DP stimulation is a pre-
equisite for initiating oocyte maturation in zebrafish
Kondo et al., 1997), as well as in other fishes and amphib-
ans except for Xenopus (Yamashita, 1998; see also Ya-
ashita, 2000, for the possibility of the requirement of
yclin B1 synthesis for initiating Xenopus oocyte matura-
ion). In this study, we found that an aggregation of cyclin B
RNA present in immature oocytes disperses during oo-
yte maturation (Fig. 3). We then investigated whether this
henomenon is involved in translational activation of cy-
lin B. First, we showed that the aggregation of cyclin B
RNA disperses just prior to the initiation of cyclin B
ynthesis (Fig. 4), showing a temporal correlation between
he dispersion and the translational activation of cyclin B
RNA. Second, we demonstrated that cytochalasin B (10
mg/ml) induces not only dispersion of the aggregation of
cyclin B mRNA but also GVBD due to the activity of newly
formed MPF via neosynthesis of cyclin B (Figs. 5, 7, and 8).
These results suggest that dispersion of the aggregated
cyclin B mRNA is sufficient for inducing its translational
activation. Moreover, we found that when the normal
intracellular distribution of cyclin B mRNA in oocytes was
disturbed with a low concentration of cytochalasin B (e.g.,
when the aggregation of cyclin B mRNA was broken into
pieces), the oocytes were unable to mature even in the
presence of 17a,20b-DP, although the magnitude of inhibi-
tion varied in batches (Fig. 7). This finding strongly suggests
that the normal localization of the aggregated cyclin B
mRNA in immature oocytes is necessary for translational
activation of the mRNA upon 17a,20b-DP stimulation.
Taken together, it is most likely that the direct change in
the state of cyclin B mRNA (from the aggregated form to the
dispersed form without intermediate forms) induced by
17a,20b-DP is responsible for translational activation of theFIG. 5. Cyclin B mRNA in full-grown oocytes treated with 1 (A,
B) or 10 mg/ml (C) cytochalasin B. In the oocytes treated with 1
mg/ml cytochalasin B, the aggregation of cyclin B mRNA is seen
s various forms depending on batches of oocytes (the aggrega-
ion was segregated into pieces scattered in the cytoplasm as in
or only deformed without apparent segregation as in B),
hereas it was completely dispersed in the oocytes treated with
0 mg/ml cytochalasin B (C). Note that 10 mg/ml cytochalasin B
nduced GVBD in situ without migration of the germinal vesicle
indicated by arrow). GV, germinal vesicle (marked by brokenRNA during zebrafish oocyte maturation. To our knowl-
s of reproduction in any form reserved.
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428 Kondo, Kotani, and Yamashitaedge, this is the first demonstration of a correlation be-
tween the existing form and the translational activity of
mRNA during oocyte maturation.
Molecular Basis of Translational Activation of
Cyclin B mRNA
It remains to be elucidated what molecules are respon-
sible for the aggregation of cyclin B mRNA at the animal
cortex of zebrafish oocytes. The results of the present
experiments using cytoskeleton inhibitors clearly showed
that microfilaments, but not microtubules, are required for
stabilizing the aggregation. However, the accumulation of
microfilaments itself does not account for the organization
of the cyclin B mRNA aggregation, because microfilaments
exhibited no specific accumulation on the aggregation (data
not shown). It is likely that a glue molecule(s) binds cyclin
B mRNA together by using microfilaments as a scaffold.
The aggregation of cyclin B mRNA stuck with the glue
probably contributes to translational repression of the
mRNA, since artificial dispersion of the aggregation results
in translational activation of cyclin B mRNA without
17a,20b-DP stimulation as demonstrated in this study (Fig.
). On the other hand, liberation of cyclin B mRNA from
he aggregation by destruction or inactivation of the glue
FIG. 6. Microfilaments in full-grown immature (A), 17a,20b-DP-in
by confocal microscopy with rhodamine–phalloidin. Immature oo
meshwork of microfilaments is present in the cortical cytoplasm o
disrupts the microfilament meshwork partially at 1 mg/ml (C) androtein under the influence of 17a,20b-DP is thought to be
Copyright © 2001 by Academic Press. All rightesponsible for translational activation of the mRNA. Ob-
iously, our next goal is to identify the glue molecule
iochemically, to clarify its posttranslational modifications
pon 17a,20b-DP stimulation, and to understand the mo-
lecular basis of its functional changes during oocyte matu-
ration.
There has recently been significant progress toward elu-
cidation of the mechanism for translational activation of
masked mRNAs stored in immature oocytes by cytoplas-
mic polyadenylation, which is mediated by the CPE and the
hexanucleotide AAUAAA present in their 39 UTR (Hake
nd Richter, 1997; Wickens et al., 1997). The CPE and the
AAUAAA are the target sites for CPEB and a cytoplasmic
cleavage- and polyadenylation-specific factor (CPSF), re-
spectively. An early phosphorylation of CPEB by Eg2 kinase
is essential for polyadenylation and translational activation
of c-mos mRNA, indicating that Eg2 links the MIH signal
and the translational activation (Mendez et al., 2000). CPEB
also mediates the masking of cyclin B1 mRNA in Xenopus
and mouse oocytes (de Moor and Richter, 1999; Barkoff et
al., 2000; Tay et al., 2000). Thus, CPEB seems to have a dual
function: to maintain maternal mRNAs including cyclin B1
in a dormant state in immature oocytes and to activate
their translation via polyadenylation during oocyte matu-
ration. According to the most advanced theory for transla-
d mature (B), and cytochalasin B-treated (C, D) oocytes, as revealed
s were treated with 1 (C) or 10 mg/ml (D) cytochalasin B. Dense
mature oocytes (A) but not in mature oocytes (B). Cytochalasin B
e extensively at 10 mg/ml (D). Scale, 50 mm.duce
cyte
f imtional activation during Xenopus oocyte maturation, a
s of reproduction in any form reserved.
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429Cyclin B mRNA in Zebrafish Oocytescomplex of CPEB, maskin, and the cap-binding translation
initiation factor elF-4E binds to dormant CPE-containing
mRNAs in immature oocytes. MIH (progesterone)-induced
phosphorylation of CPEB helps the stable binding of CPSF
to the AAUAAA and recruitment of poly(A) polymerase
FIG. 7. Effects of cytochalasin B on GVBD in zebrafish oocytes.
Oocytes were incubated in the presence (1) or absence (2) of
cytochalasin B (CB) and/or 17a,20b-DP (DP). The percentage of
GVBD was scored 3 h after the treatment and expressed as mean 6
tandard deviation. (A) GVBD in oocytes treated with 1 mg/ml
cytochalasin B. The treatment inhibited 17a,20b-DP-induced
VBD in group A (*P , 0.001, n 5 5, Student’s t test) but not in
group B (P . 0.1, n 5 8). (B) GVBD in oocytes treated with 10
mg/ml cytochalasin B. The treatment induced GVBD without
17a,20b-DP stimulation.
Copyright © 2001 by Academic Press. All rightPAP). In addition, the dissociation of maskin from elF-4E
llows elF-4G to bind to elF-4E, which brings elF-3 and the
0 S ribosomal subunit to the mRNA to initiate translation
ependent on cap-ribose methylation (Kuge et al., 1998;
ickson et al., 1999; Keiper and Rhoads, 1999; Stebbins-
oaz et al., 1999). Therefore, the translation of masked
RNAs stored in immature Xenopus oocytes is controlled
y proteins resident in both the 59 and 39 UTRs of the
RNAs, such as CPEB, CPSF, PAP, maskin, and elFs. Using
onoclonal antibodies against PAP (Nakahata et al., 2001)
nd CPEB (Katsu et al., in preparation), intracellular distri-
ution of these proteins in full-grown zebrafish oocytes was
bserved, but colocalization of these proteins and cyclin B
RNA was not found (data not shown). Thus, it is likely
hat molecules other than PAP and CPEB are involved in
he strict localization of cyclin B mRNA at the animal
ortex of immature zebrafish oocytes.
Despite the recent impressive progress in understanding
ranslational control of mRNAs via the 39 and 59 UTR,
here is still a wide range of issues to be elucidated. In
articular, little is known about the regulatory mechanisms
y which masked mRNAs stored in immature oocytes are
nmasked in response to MIH. Our present results showing
hat the intracellular distribution of cyclin B mRNA
hanges during oocyte maturation and that this change is
oupled with translational activation of the mRNA provide
new insight into the control mechanisms of translation of
asked mRNA upon MIH stimulation. Further studies,
ncluding studies to biochemically characterize the mol-
cules responsible for stabilizing the aggregation of cyclin B
RNA at the animal cortex, should lead to an understand-
ng of the mechanism by which cyclin B mRNA is liberated
rom the aggregation by MIH stimulation to be activated
ranslationally, the event required for initiating oocyte
aturation in many fishes and amphibians.
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